; N=5848). Total urinary arsenic (TUA) was calculated by subtracting arsenobetaine's limit of detection and detectable arsenocholine from total arsenic. Additional sensitivity analyses were conducted using a second total urinary arsenic index (TUA2, calculated by adding arsenite, arsenate, monomethylarsonic acid, dimethylarsinic acid). We classified drinking water source using 24-h dietary questionnaire data as community supply (n=3427), well or rain cistern (n=506), and did not drink tap water (n=1060). Results: Geometric means (GM) of survey cycles were calculated from multivariate regression models adjusting for age, gender, race/ethnicity, BMI, income, creatinine, water source, type of water consumed, recent smoking, and consumption of seafood, rice, poultry, and juice. 16 µg/L, p < 0.001), well or rain cistern users (1.54 vs 1.28 µg/L, p < 0.001) and who did not drink tap water (2.24 vs 1.53 µg/L, p < 0.001). Sensitivity analyses showed consistent results for participants who used a community water supplier and to a lesser extent those who did not drink tap water. However, the sensitivity analysis showed overall exposure stayed the same or was higher among well or rain cistern users. Finally, the greatest decrease in TUA was among participants within the highest exposure percentiles (e.g. 95th percentile had 34% lower TUA in 2013/2014 vs 2003/2004, p < 0.001). Conclusions: Overall, urinary arsenic levels in the U.S. population declined over a 12-year period that encompassed the adoption of the revised Arsenic Rule. The most consistent trends in declining exposure were observed among non-smoking individuals using public community water systems. These results suggest regulation and prevention strategies to reduce arsenic exposures in the U.S. may be succeeding.
Introduction
Arsenic is a public health concern worldwide including in the United States. Chronic exposure to inorganic arsenic (iAs) is associated with adverse health effects such as various cancers, skin disorders, cardiovascular disease, and immunotoxicity (ATSDR, 2007; Cardenas et al., 2015 Cardenas et al., , 2016 IARC, 2012; Naujokas et al., 2013) . A naturally occurring element, there are numerous anthropogenic and natural sources of iAs in the United States. Exposures to iAs can come from contaminated soils or dust, emissions from industrial smelting processes or specialized glass manufacturers, mining effluents, or household pesticides and chemicals (ATSDR, 2007) . Inorganic As is also a common drinking water contaminant. Elevated concentrations of iAs in groundwater occurs throughout the United States although it is more prevalent in the Northeast, Midwest, and Western regions of the country (ATSDR, 2007; Frost et al., 2003; Nielsen et al., 2010) . While drinking water contaminated with iAs is a major route of exposure in the United States (ATSDR, 2007; Naujokas et al., 2013) , people can also be exposed to iAs from eating rice or rice-based products (Davis et al., 2012; Navas-Acien et al., 2011) . Other dietary sources of arsenic include seafood, grains, fruits, and various juice products (Davis et al., 2012; deCastro et al., 2014; Navas-Acien et al., 2011) . People can also be exposed to iAs from cigarette smoke (Caruso et al., 2013; Pappas, 2011) .
Arsenic has been regulated in drinking water in the United States since 1942 when the United States Public Health Service set a standard of 50 µg/L (USPHS, 1943) . Amendments to the 1996 Safe Drinking Water Act (PL 1040182) required the United States Environmental Protection Agency (EPA) to issue a primary drinking water regulation for arsenic based on additional evidence of its health effects, occurrence, and treatment costs at low concentrations in drinking water. In 2001, the EPA adopted the revised Arsenic Rule, which reduced the maximum contaminant level (MCL) to 10 µg/L for public water systems. This rule became enforceable in January 2006, but many small or highly affected water systems were provided renewable 3-year waivers to reach compliance (EPA, 2001) . The EPA estimated that the revised arsenic MCL would affect more than 4000 water systems serving at least 12.7 million people (EPA, 2001) . Water systems required to comply with the revised MCL include community water systems serving at least 25 people year-round (e.g. most cities and towns) or with at least 15 connections and non-transient, non-community water systems that serve at least 25 of the same people for at least 6 months per year (e.g. schools, churches, and businesses). The EPA does not regulate or monitor water sources considered private, which typically includes domestic wells serving a single or a limited number of homes (Nielsen et al., 2010) . Thus, approximately 12% of the U.S. population who are served by domestic wells were not required to comply with the revised MCL even though it is estimated that 11-19% of private wells contain arsenic in excess of 10 µg/L (Focazio et al., 2006; Kumar et al., 2010; Montgomery et al., 2003) . It is likely, therefore, that the revised Arsenic Rule would reduce arsenic exposure only among people who receive their drinking water from a community water source.
Given the adoption of the Arsenic Rule, we hypothesized that there would be a population level decrease in iAs exposure following its implementation. We examined urinary arsenic levels among the general U.S. population to evaluate these trends in exposure among different water users by using 6 consecutive cycles of the National Health and Nutrition Examination Survey (NHANES) spanning from 2003 to 2004-2013-2014 . NHANES collects biological monitoring data that is used to evaluate trends in population-level exposure to chemicals and NHANES urinary arsenic measurements have been used by multiple studies to improve our understanding of the health effects of iAs exposure (Cardenas et al., 2015; Jones et al., 2011; Navas-Acien et al., 2011) and sources of iAs exposure (Davis et al., 2012; deCastro et al., 2014; Mantha et al., 2017; Xue et al., 2010) . Here we examined temporal urinary arsenic trends among people who receive their drinking water from a community supply, wells or rain cisterns, or who did not drink tap water. We hypothesized that decreased arsenic exposure would be greatest for individuals using public water systems (impacted by the revised Arsenic Rule) compared to individuals using wells (not impacted by the rule change).
Materials and methods

Study design
NHANES data is collected annually and publicly released in twoyear cycles by the National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC). The survey uses a complex multistage probability sample design to select a representative sample of the civilian, non-institutionalized U.S. population (CDC, 2015) . Each cycle includes multiple survey stages that include questionnaires, physical exam, biospecimen collection and a variety of laboratory tests (Zipf et al., 2013) . All participants provided informed consent and study protocols were approved by the NCHS research ethics review board (CDC, 2012) .
We used publicly available data from six NHANES cycles: 2003-2004 (n=2554), 2005-2006 (n=2568), 2007-2008 (n=2545), 2009-2010 (n=2855), 2011-2012 (n=2501), and 2013-2014 (n=2640) cycles. This analysis was restricted to participants who had data on urinary arsenic speciation, which was first collected by NHANES in the 2003-2004 cycle (Caldwell et al., 2009) . Urinary arsenic concentrations were measured in a random one-third subsample of participant's ≥6 years of age (N=15,663 from the 6 pooled NHANES survey cycles) (Caldwell et al., 2009) . We further restricted our analysis to individuals who had urinary arsenobetaine concentrations below the limit of detection. Arsenobetaine (AsB) is the dominant form of organic arsenic found in seafood with 90% of the ingested AsB excreted in urine within 66 h (Molin et al., 2015; Schmeisser et al., 2006) . Thus, by restricting to individuals without detectable AsB levels in the urine we are greatly reducing the potential for seafood intake to confound our analyses. Finally, to account for the potential confounding by smoking status we further restricted the sample to individuals who completed a smoking history questionnaire. This questionnaire was only asked to participants ≥12 years old. Thus, our final sample size was (N= 5848 from the 6 pooled NHANES survey cycles). We compared the selected socio-demographic and exposure characteristics between the unrestricted and restricted analysis and observed no difference in underlying population characteristics (data not shown).
Urinary arsenic analysis
The methods describing urinary arsenic collection and measurement have been described previously (Caldwell et al., 2009; CDC, 2014) . Briefly, spot urine samples were collected during the survey physical examination and shipped to the CDC's National Center for Environmental Health where the samples were analyzed within three weeks of collection by high-performance liquid chromatography and inductively coupled-plasma dynamic reaction cell-mass spectrometry. NHANES provides the following urinary arsenic measurements: total arsenic, arsenite (As III ), arsenate (As V ), arsenobetaine (AsB), arsenocholine (AsC), monomethylarsonic acid (MMA), dimethylarsenic acid (DMA), and trimethylarsine oxide (CDC, 2014) . The arsenic metabolites AsB and AsC are commonly found in seafood and understood to be relatively nontoxic (Caldwell et al., 2009; Choi et al., 2010; deCastro et al., 2014) . Thus, we defined total urinary arsenic (TUA) as total arsenic minus AsB and AsC. We also constructed a second total urinary arsenic composite (TUA2) by the sum of As III , As V , MMA, and DMA and re-ran all models as a sensitivity analysis (Supplemental Tables S4-S6 , Fig. S1 ). These composite measures of urinary arsenic have been used by the CDC and in previous studies to represent iAs (Cardenas et al., 2015; CDC, 2017) .
The limits of detection (LOD) for the three arsenic species used to compute TUA varied by survey cycle (Table S1 ). To enable unbiased comparisons of TUA across cycles, we assumed the maximal LOD for each arsenic species observed in one cycle (i.e. Total As = 0.88 µg/L, AsB = 0.84 µg/L, AsC = 0.42 µg/L, As III =0.85 µg/L, As V = 0.71 µg/L, DMA = 1.35 µg/L, MMA = µg/L) and applied it to each cycle. Then, any samples below the maximal LOD were assigned the maximal LOD divided by the square root of 2 prior to analysis. This method has been used by the CDC and produces reasonably non-biased estimates (CDC, 2013; Hornung and Reed, 1990; Zota et al., 2014) . We opted to restrict the adjusted analyses to individuals with AsB concentrations below the intercycle LOD (i.e. ≤0.84 µg/L). Finally, urine dilution was accounted for using urinary creatinine as a separate independent variable in regression analyses (Barr et al., 2005) .
Drinking water source
All participants are asked to complete a 24-h dietary recall which includes quantity and types of water consumed in the 24-h period preceding the physical examination and urine collection (CDC, 2015) . NCHS provides summed quantities (grams) of specific water types (e.g. plain, tap, bottled) from all portions of the 24-h dietary recall interview. Participants were also asked additional questions regarding the source of their drinking water. To address this issue, we used an additional question within the 2003-2004 cycle housing characteristics questionnaire that asks participants "What is the source of tap water in this home? Is it a private or public water company, a private or public well, or something else?" (Table S2 ). The housing characteristics questionnaire was administered before the physical examination and collected data on features of the physical environment of the participant's home. The similar wording between the two questions allowed us to compare the consistency with which participants responded to their source of tap water in the 24-h dietary recall in [2003] [2004] . We cross-tabulated these 2 questions to compare the consistency for community supply and well or rain cistern supply responses. For example, a response was considered consistent if the participant said "community supply" in the 24-h dietary questionnaire and "company supply" in the housing questionnaire. To reduce misclassification, participants were excluded from our analysis if they reported "other source" (n=572), "don't know" (n=115), or "spring" (n=180). Thus, we categorized participants into: i) community supply (n=3427), ii) well or rain cistern (n=506), iii) and did not drink water (n=1060). If participants did not drink tap water in the 24-h dietary recall questionnaire (2003) (2004) or responded that they did not drink tap water ever (2005-2006 to 2013-2014) , they were categorized as "did not drink water".
Covariates
We examined the following covariates due to their potential to influence urinary arsenic: survey cycle, age, gender, race and ethnicity, body mass index (BMI), family poverty-income ratio (PIR), type of water consumed, recent smoking status, and recent seafood, rice, poultry, and juice consumption. Age at examination was categorized as 12-19 years, 20-39 years, and over 40 years. Participants self-reported as non-Hispanic white, non-Hispanic black, Mexican American, other Hispanics, other race, or multiracial. We combined "other Hispanics" and "other race" into a single category to increase sample size and allow for comparisons between cycle years. BMI was calculated by dividing measured weight in kilograms by measured height in meters squared. BMI was classified as underweight (< 18.5), normal (18.5-24.9), overweight (25-29.9) , and obese (≥30). Participants under 20 years of age were assigned BMI classifications as defined by the CDC growth charts for age and sex specific cutoffs. PIR was calculated as a ratio of self-reported family income compared to the US Census poverty threshold. We classified participants' PIR status as low (< 1.8), medium (> 1.8-< 3.9), or high (3.9-5). Smoking status (i.e. smoker vs non-smoker) was determined from a single question that asked the participants if he/she had used tobacco or nicotine products (e.g. cigarettes, pipes, cigars, chewing tobacco, snuff) within the last 5 days. This question corresponds to NHANES question SMQ680 in the 2003-2012 cycles and question SMDANY in the 2013-2014 cycle. While serum cotinine is a preferred method of adjusting for current smoking status, this data was unavailable for the 2013-2014 cycle at the time of analysis. However, cross-tabulations of smokers defined by serum cotinine (i.e. > 10 ng/mL) with the survey question in the 2003-2012 cycles showed that the self-reported classification had high accuracy (i.e. sensitivity: > 91%; specificity: > 96%).
To account for dietary arsenic exposure, we used data from the 24-h dietary recall to create covariates for intake of seafood, rice, poultry, or juice (yes/no) using USDA food codes (Table S3 ). Specifically, we adopted the seafood classification scheme developed by Navas-Acien et al. (2011) . Finally, we used the USDA food codes to create 4 mutually exclusive categories of type of water consumed: i) "Tap water only" if they drank plain or filtered tap water or from a drinking fountain; ii) "Bottle/Spring water only" if they drank bottled or spring water; iii) "Mixed sources" if they drank plain or filtered water, from a drinking fountain, bottled and/or spring water; and iv) "None" if they did not drink water from any of these sources.
Statistical analysis
All statistical analyzes were conducted in Stata with the survey command to account for NHANES complex sampling design that includes the sampling weights, primary sampling units, and strata (Stata version 14; StatCorp LP, College Station, TX). All statistical tests were two-tailed and type 1 error was set at α=0.05. Standard errors (SE) and confidence intervals were estimated using the Taylor linearization method. Unweighted sample sizes and weighted proportions for covariates were computed for all covariates. TUA concentration and urinary creatinine were right-skewed and were ln-transformed to account for the non-normal distributions before regression analysis. Multivariate regression models were used to assess the association between ln-transformed TUA and cycle year where 2003-2004 cycle was the reference group. Models were adjusted by including all a priori covariates (i.e. age, gender, race, BMI, PIR, tap water source, type of water consumed, recent smoking, and recent consumptions of seafood, rice, poultry, and juice), NHANES sampling cycle, and urinary creatinine. The Stata margins command was used after performing regression analysis to provide cycle-specific adjusted geometric means (GMs) of TUA concentrations from fully adjusted models.
We used a multiplicative interaction between NHANES cycle and source of drinking water within fully adjusted regression model to evaluate differences in TUA concentrations by water source. This approach allowed group means to vary between cycles. We further stratified this analysis by smoking status (i.e. non-smoker, smoker) to evaluate trends in these groups separately. Wald tests were used to estimate the statistical significance of the overall comparison of TUA between survey cycles within the different categories of drinking water source. Finally, we examined TUA concentration within exposure percentiles using linear predictions from fully adjusted models to estimate TUA concentrations to calculate the 95th, 75th, and 50th percentiles for each source of drinking water strata for each survey cycle. Table 1 Population characteristics in six NHANES cycles from 2003 to 2014 from the total population (n=15,663) and from the restricted population (n=5848) of those with urinary AsB concentrations below the maximum intercycle LOD (i.e. 0.84).
Urinary arsenic is defined as TUA e and estimated geometric means (GM) and 95% confidence intervals adjusted for urinary creatinine are presented. Participants who reported consuming food category based on USDA food codes from day 1 dietary interview. If participant reported consuming any food that corresponded to USDA food codes within category (Supplemental Table S3) Environmental Research 162 (2018) 8-17 
Results
The average TUA concentration in each survey cycle was relatively low (Table 1) Factors that were associated with average TUA in at least one cycle were age, gender, race/ethnicity, PIR, seafood consumption, rice intake, poultry intake, and juice intake. Within each cycle, the majority of participants reported using a community supply (range: 53-69%); whereas the proportion of participants who reported using a well or rain cistern (range: 10-18%) or who did not drink tap water in the past 24-h (range: 12-32%) varied more between survey cycle.
Overall, TUA concentrations decreased over time (Table 2) . Compared to 2003-2004, the overall adjusted geometric mean TUA was 22.1% and 35.5% lower in the 2011-2012 and 2013-2014 cycles, respectively, after adjusting for creatinine, age, sex, race/ethnicity, BMI, PIR, smoking status, water source, type of water consumed, and consumption of seafood, rice, poultry, or juice. The percent reduction in TUA differed by water source (Table 3) . Furthermore, effect modification was observed for smoking status but not seafood, rice, poultry, or juice intake. When the trend in TUA was examined by source of drinking water stratified by smoking status, we only observed a consistent downward trend in TUA among non-smokers (Table 3) . Compared to -2004 , TUA in 2013 was 41.4%, 16.9%, and 31.7% lower among non-smokers who reported using a community water categorized as "yes" for consumption in previous 24 h. b The three categories of source of tap water consumption were determined from a dietary questionnaire in which participants were asked to indicate the main source of the tap water they consumed in the previous 24 h. Participants were asked to identify if a community water supply, a well or rain cistern, or other supply (not included) was their primary tap water source. Participants who indicated they either did not drink tap water from home in previous 24 h (2003-04 cycle) or do not drink home tap water in general (2005-2014) were labeled as "Don't drink tap water.".
c
The four categories of water consumption are mutually exclusive and were determined by summed values of USDA food codes corresponding to different water consumption categories. Participants were labeled as Tap only if they consumed plain tap water, filtered tap water, or water from a drinking fountain in the previous 24 h. The original NHANES plain water definition included plain tap water, water from a drinking fountain, water from a water cooler, bottled water, or spring water. However, for the purposes of this analysis, those participants who did not report drinking from any tap water sources, but did report consuming bottled water or spring water were labeled as Plain only. Participants were labeled as Plain & tap water if they consumed some tap water source and plain water source. Participants were labeled as No water if they reported no consumption of any of these water sources in the previous 24 h. d Smoking status determined from self-reported nicotine use within the previous 5 days among all study participants ≥12 years of age. The missing category represents all study participants age 6-12 years with TUA measurements available.
e TUA = Total arsenic -AsB -AsC. supply, well/rain cisterns, or did not drink tap water, respectively, after adjusting for covariates. The lowest observed TUA concentrations were in the most recent cycles (2011-2012 and 2013-2014) for participants using a community water supply, but the trend was not as consistent among those who used a well/rain cistern or reported not drinking any tap water. In our sensitivity analysis that used a different TUA metric (i.e. TUA2), this downward trend was observed only for participants that used a community water supply or did not drink tap water, but not for well/rain cistern users (Supplemental Table S5 ). Among non-smokers, this analysis showed a consistent decrease between cycle years among those who used a community water supply (−10.6%) and an overall decrease among those who did not drink tap water (−9.6%), but no change (0.0%) was observed among well/rain users. We further examined the change in TUA by survey cycle among different percentiles of arsenic exposure within the water sources groups (Fig. 1, Supplementary Fig. S1 , and Supplementary Table S6) . Overall, the largest decrease in TUA over time was amongst those participants with the highest arsenic exposure (e.g. in the 75th or 95th percentile). This trend was observed among participants who used a community water supply and who did not drink tap water, both of which had at least a 34% and 18% decrease in TUA among the 95th percentile for vs 2003 -2004 Table S6 ). Additionally, the 50th and 75th percentiles also decreased over time within each of these water source groups. Among participants who reported that their source of drinking water was a well or a rain cistern using the TUA composite, there was a relatively large decrease in each percentile distribution with the largest in the 95th percentile. However, this trend was not consistent in our sensitivity analyses using TUA2, where TUA2 levels seemed to increase or stay the same within each exposure percentile ( Supplementary Fig.  S1 , Table S6 ).
Discussion
In this sample of the U.S. population ≥12 years of age, we observed that arsenic exposure decreased by approximately 35% over a 12-year period from 2003 to 2014 after adjusting for other exposure risk factors. The most consistent reduction in arsenic exposure was observed among non-smokers who received their drinking water from a community water supply or who do not drink tap water. Furthermore, this trend was most apparent among those participants who had the highest exposure levels in each cycle (i.e. 75th and 95th percentiles). This finding is noteworthy as the majority of the U.S. population does not have high levels of arsenic exposure and reducing exposure to arsenic would have substantial health benefits. A concurrent analysis by a separate research group observed a similar reduction in arsenic exposure using the same NHANES data while employing different modeling assumptions (Nigra et al., 2017) .
Interestingly, TUA concentrations were found to decrease most sharply in the US population after the 2009-2010 NHANES cycle with strong reductions in the 2011-2012 and 2013-2014 cycles. Due to the nature of the cross-sectional study design and reliance on urine samples to assess exposure, we cannot determine the exposure sources. Additionally, NHANES did not start measuring urinary arsenic until the 2003-2004 survey cycle which is after the Arsenic Rule was adopted in 2001, though before it went into full effect in 2006. However, smaller water systems serving ≤3300 people, which were much more likely to have been impacted by the standard change resulting from the Arsenic Rule, could apply for multiple 3-year exemptions up to an additional 9 years in order to achieve full compliance (EPA, 2001 ). This variance was permitted because smaller water systems are more likely to be in rural regions, serve lower income populations, and require greater costs relative to larger water systems to implement arsenic removal systems (EPA, 2001 (EPA, , 2002 Flanagan et al., 2015; Frost et al., 2003) . The latter Table 3 Association between adjusted weighted geometric means (GM) of urinary arsenic (µg/L) and NHANES cycles (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) by main source of tap water c , defined as those who receive tap water from a community water supply, well or rain cistern, or those who do not drink tap water from six continuous NHANES cycles between 2003 and 2014 (n=4993) . The sample was restricted to those individuals with urinary AsB concentrations below the limit of detection (i.e. ≤0.84) and stratified by non-smokers (n=3746) and smokers (n=1247). Urinary arsenic is defined as total urinary arsenic (TUA scenario signifies that certain small water systems in violation of the arsenic standard could potentially have until January 2015 to attain financial assistance and implement necessary compliance strategies, amounting to 14 years after the initial Arsenic Rule was published. This could explain why we observed the lowest TUA concentrations in the 2011-2012 and 2013-2014 cycles. This delay in compliance with the Arsenic Rule has been documented using data collected in the EPA's Safe Drinking Water Information System. These studies identified community water systems in violation of the Arsenic Rule and showed that the number of systems reporting arsenic concentrations above the 10 µg/L MCL increased each year between 2003 to 2010, with approximately 2500 violations occurring in both (McGavisk et al., 2013 . Data from subsequent years showed that there was a decline in the number of violations however, there were still 500 violations reported in 2012 (McGavisk et al., 2013) . A separate analysis of EPA data demonstrated that the estimated population served by community water systems in violation of the Arsenic Rule followed the same general trend between 2003 and 2012, with the number of people increasing through 2010 and decreasing in subsequent years (Alfredo et al., 2014) . If our observed changes in TUA in the U.S. population are related to reduction in exposure to arsenic-contaminated drinking water, the compliance schedule of community water supplies could help explain why we found decreases in the more recent NHANES survey cycles and among participants who report using drinking water from a community water system.
Our results partially confirmed our hypothesis that arsenic exposure did not decrease among individuals receiving drinking water from a well or rain cistern, as trends in TUA and TUA2 were inconsistent. Private domestic wells are not regulated by the EPA and users are required to monitor their own water quality. In some states, arsenic testing is required when completing real estate transactions (Flanagan et al., 2015) . The change in the Arsenic Rule and subsequent real estate translation laws likely increased awareness about arsenic in private wells during the study period and could have led to an increase in well testing by homeowners, especially in regions known to have higher groundwater arsenic. However, studies show that private domestic well owners do not regularly conduct water tests and may not implement water treatment if presented evidence of arsenic contamination because of real or perceived financial and technical difficulties (Flanagan et al., 2015; Straub and Leahy, 2014; Walker et al., 2006) . When we calculated the exposure using TUA, which removed seafood-related organoarsenicals, we observed that TUA decreased among well or rain cistern users. However, when we used the most commonly accepted proxy for iAs, TUA2, there was no decrease in TUA in this water source group. Although it should be noted that TUA2 is more impacted by the percentage of samples below the LOD, which can systematically bias arsenic assessment amongst those individuals with the lowest exposure. Conversely, the total arsenic used in TUA has very few samples below the LOD (Supplemental Table S1 ), especially after restricting the study sample to those with AsB levels below the LOD. Thus, subtracting AsC and AsB from total arsenic (i.e. TUA2) produces a deflation in the upper end of the exposure distribution. This could explain the inconsistency in the overall urinary arsenic patterns between our composite measures.
Surprisingly, participants who reported not drinking any water in the previous 24-h, or never drinking tap water, had the highest overall urinary arsenic concentrations among the three groups. Yet, this group also experienced declines in TUA. There are several potential contributing reasons for this observation. Arsenic is known to be a contaminant within apple juice, wine, rice milk, and other beverage products and recent studies using NHANES data has shown that these beverages are associated with elevated urinary arsenic (Davis et al., Fig. 1 . Association between adjusted weighted geometric means of urinary arsenic (µg/L) and NHANES cycles in the general U.S. population by percentiles of exposure (i.e. 95, 75, 50th) for those who consume tap water from a (A) community supply (n=3427), (B) well or rain cistern (n=506), or (C) do not consume tap water (n=1060), and (D) among the general U.S. population (n=4993). The population is restricted to those individuals with urinary AsB concentrations below the limit of detection (i.e. ≤0.84) Estimates are from linear multivariate regression model with an interaction term between NHANES sampling cycle and tap water source adjusted for log-transformed urinary creatinine (continuous), age, sex, race/ethnicity, BMI (categorical), PIR, type of water consumed (categorical), recent smoking, and consumption of seafood, rice, poultry, or juice. Urinary arsenic is defined as total urinary arsenic (TUA) which is total arsenic minus AsB and AsC. deCastro et al., 2014; Navas-Acien et al., 2011) . Our statistical adjustments made for rice and juice consumption likely helped to reduce the potential differential contribution of those dietary arsenic exposures. However, the potential for these beverages to contribute to arsenic exposure received considerable media attention which could have influenced manufacturing and/or public awareness and in turn lowered arsenic exposure from these sources. It is also possible that this group was exposed to community water supplies and did not know it since this is the major source of publicly-available potable water in the United States (Kumar et al., 2010) . However, spatiotemporal studies are needed to investigate this hypothesis.
Our study has several strengths including the use of a large representative sample of the U.S. population with relevant environmental exposures to arsenic. The rigorous quality control procedures implemented in NHANES provides a significant strength to the quality of data presented. Urinary arsenic measurement provides individual level exposure and the total urinary arsenic composite measure that we used excludes non-toxic compounds found in seafood (i.e. AsB and AsC). Additionally, we restricted our study sample to those with AsB concentrations below the LOD and adjusted for recent seafood consumption. While recent seafood consumption was related to higher TUA concentrations compared to not consuming seafood (Table 1) , the overall trends in TUA were similar between groups (data not shown). Consumption of seafood can affect urinary arsenic levels for up to three days (Navas-Acien et al., 2011), making it possible that the 24-h dietary recall used to identify seafood consumption includes some misclassification. However, we expect this misclassification to be non-differential and minimal because of the sample restriction we performed regarding AsB. We also made adjustments for some of the most common sources of dietary arsenic including rice, poultry, and juice consumption. Rice has been shown to contribute to appreciable urinary concentrations of DMA and MMA within NHANES (Davis et al., 2012; deCastro et al., 2014; Mantha et al., 2017; Xue et al., 2010) . The dichotomous categorization we made for rice did not account for the relative amount or type of rice consumed, both of which have been shown to affect urinary arsenic levels (Mantha et al., 2017) . However, the misclassification that could arise from not accounting for these factors are likely to be non-differential between types of drinking water supplies. While rice can potentially account for up to 40% of iAs exposure in the general U.S. population and be higher among certain ethnic subgroups, our models also adjusted for race/ethnicity (Xue et al., 2010) . Additionally, a comprehensive probabilistic study of the estimated relative contributions of rice and drinking water confirmed that drinking water is the largest exposure source for the U.S. population (Mantha et al., 2017) .
Finally, our sensitivity analysis that used the second composite measure TUA2 yielded consistent results among participants who used community well water supplies. By demonstrating similar overall effects with both measures it provides additional strength to the evidence that both the upper and lower ends of the arsenic exposure distribution are decreasing within the general U.S. population. However, the differences between TUA and TUA2 for non-smokers who receive their drinking water from a well or rain cistern requires further evaluation. There was a high proportion of samples below the limit of detection for As Table S1 ). Therefore, it is possible that this measure is providing more biased estimates than the TUA measure.
There were other limitations to our study. The cross-sectional study design of NHANES does not include repeated measures within individuals, limiting our ability to determine potential causal aspects of temporal trends in arsenic exposures. Urinary arsenic metabolites have short half-lives that typically represent arsenic ingestion in the previous three days, so chronic exposure patterns cannot be determined from this data (Buchet et al., 1981) . Additionally, by restricting our study sample to those participants with only AsB measurements below the LOD we may have differentially excluded populations residing in coastal regions. A previous study using NHANES data found that blood mercury concentrations were higher among female populations in coastal regions and this was likely due to higher levels fish consumption in those regions (Mahaffey et al., 2009) . Our conservative approach of restricting to participants undetectable AsB concentrations likely reduced the proportion of seafood consumers included in this analysis. This restriction may have affected the trends we have observed in the U.S. population if these populations had different trends in drinking water arsenic exposures. NHANES is designed to be representative of the general U.S. population and has sampled broadly from regions known to have elevated groundwater arsenic concentrations, such as the Northeast, Midwest, West, and South (CDC, 2015) . However, because geographical variables are restricted by NCHS due to disclosure concerns, geographical comparisons were not included in this study. Therefore, we cannot rule out the possibility that observed trends in urinary arsenic may have occurred because of the geographical heterogeneity of arsenic concentrations in groundwater between NHANES primary sampling units.
Additionally, the proportion of participants who reported using a well or rain cistern as their source of drinking water was relatively small compared to the other two groups. The participant selection process by NHANES oversamples certain subpopulations to better capture their variability, but domestic well users are not among the subpopulations currently oversampled. Furthermore, changes to the dietary recall questionnaire in regards to source of tap water likely resulted in some misclassification of source of tap water categorization. The largest potential for misclassification would be in the [2003] [2004] cycle, as those who reported no water consumption in the 24-h dietary recall questionnaire were not asked about their tap water source and were given the "do not drink tap water" classification. However, we evaluated the consistency of individual responses to the source of tap water between the two similar questions in different study questionnaires and observed high consistency in response rates across cycles (Table S2 ). This means that the misclassification between community water users versus well or rain cistern users would likely be non-differential, thus biasing estimates towards the null for tap water comparisons. Furthermore, we found a similar overall proportion (average of 13% over 6 cycles) of well or rain cistern users as previous survey data suggests (Focazio et al., 2006; Kumar et al., 2010; Montgomery et al., 2003) . Separately, those that are labeled as "do not drink tap water" may have had additional water ingestion from water used for cooking or preparing beverages, potentially underestimating their exposures from a given tap water source.
Conclusions
We observed that urinary arsenic concentrations have become lower in the general U.S. population over the 12-year time period stretching from 2003 to 2014. The magnitude of the decrease was most consistent among people who reported using a community public water supply or who did not report drinking tap water. Results from individuals consuming water from a well or rain cistern had decreasing trends in exposure using one composite measure for urinary arsenic, but limited to increasing trends with the second composite measure. Future efforts to reduce arsenic exposure should focus on private domestic well users because this population is more vulnerable to arsenic contamination in drinking water and they did not experience the same decreasing trends in urinary arsenic exposure as people who used a community water supply. Our study provides evidence that overall arsenic exposures in the U.S. are decreasing, especially among those groups who had the highest exposure. These results show that regulation and prevention strategies to reduce large-scale population exposures to arsenic in the U.S. may be succeeding.
